miRNA researchers strive to find miRNAs in the plants of Rosaceae by using both bioinformatics and wet-lab approaches, but still there is a need to identify more new conserved miRNAs in plants of this family. The increasing genomic data of this family, new expressed sequence tags (ESTs), and the sequenced genomes invite researchers to explore new miRNAs. Although miRNA researchers have reported miRNAs in peach (Zhang et al., 2013) and apple (Ma et al., 2014) , until now cherry has remained neglected. Therefore, the need is felt to identify and annotate new conserved miRNAs in cherry.
Materials and methods
Use of bioinformatics tools is a widely used method to forecast new conserved miRNA orthologs by a comparative approach (Barozai, 2012a (Barozai, , 2012b ). Barozai's (2013) methodology with slight alteration was used to predict new potential miRNAs in cherry. The new conserved miRNAs in cherry were identified and characterized using a variety of bioinformatics tools including BLASTn, BLASTx, Mfold, psRNA Target, Clustal W, Primer 3, and WebLogo.
Survey of miRNA databases and available literature for reported miRNAs in cherry
The famous miRNA repositories, i.e. miRBase (GriffithsJones, 2004 ) and the Plant microRNA Database (PMRD) (Zhang et al., 2010) , and available miRNA literature were surveyed for the reported and nonreported miRNAs in cherry, which indicated that there was not even a single miRNA reported for cherry. Thus, an attempt was made to profile the new conserved miRNAs in cherry.
Survey of the Expressed Sequence Tags Database (dbEST)
A survey of dbEST was made to check the availability of cherry ESTs. The latest release of dbEST (release 130101, 1 January 2013) contains a total of 6035 ESTs for cherry. These cherry ESTs were computationally screened against the known plant miRNAs for the homology search.
Fetching of miRNA sequences
Since this research is logically based on a homology/ similarity search approach, previously reported mature and pre-miRNA sequences of diverse plant species (Prunus persica, Malus domestica, Brassica napus, Brassica rapa, Arabidopsis thaliana, Arabidopsis lyrata, Oryza sativa, Cynara cardunculus, Helianthus annuus, Panax ginseng, Carica papaya, Ricinus communis, Brachypodium distachyon, Cucumis melo, Physcomitrella patens, Selaginella moellendorffii, Glycine max, and Picea abies) were fetched from miRBase (Griffiths-Jones, 2004 ) and PMRD (Zhang et al., 2010) . These sequences were used as reference miRNAs to find their new potential orthologs in cherry.
Identification of potential candidate miRNA sequences
The reference miRNA sequences from the different plant species were used as queries and subjected to BLAST (Altschul et al., 1990) against the publicly available ESTs of cherry in the NCBI GenBank by using the BLASTn program. To find the candidate homolog sequences, the homology-based search was started with the miRNA sequences of the family Rosaceae. The candidate sequences with a maximum of 4 mismatches were saved.
Creation of single tone EST
Since many discrete ESTs are often partial sequences that correspond to the same mRNA of an organism, a single representative EST was generated to avoid false positive results. This was accomplished by using BLASTn (Altschul et al., 1990 ).
Validation of potential miRNA candidates as nonprotein-coding sequences
The newly predicted candidate pre-miRNAs sequences were subjected to BLAST against the NCBI protein database using BLASTx (Altschul et al., 1997) with default parameters to validate them as nonprotein-coding RNAs. The protein-coding pre-miRNA sequences were discarded.
Prediction of hairpin structures of potential miRNA candidates
The hairpin structures of candidate sequences were created by using MFOLD (version 3.6) (Zuker, 2003) with default parameters.
Physical inspection of hairpin structures
The predicted structures having the lowest free energy were selected for physical inspection. The stem portions of the miRNAs were manually checked for mature sequences with either 10 base pairs or equal to the reference miRNAs involved in Watson-Crick and non-Watson-Crick (G/U wobble) pairing between the mature miRNA and its opposite strand (miRNA*) in the duplex. The threshold values for the selection of a miRNA were the same as descried by Zhang et al. (2006) .
Conservation analysis and phylogenetic analysis of newly identified miRNAs
Many miRNA families are conserved evolutionarily in plants (Zhang et al., 2006) , which offers a sound approach for the bioinformatics identification of new conserved miRNAs (Barozai et al., 2008; Baloch et al., 2015) . Therefore, one of the newly identified conserved miRNAs from cherry (pav-miR172) was subjected to conservation analysis with its orthologs in different plant species. For this purpose, WebLogo software (Crooks et al., 2004) was used. The WebLogo result was saved and scrutinized for conservation of precursor and mature miRNA sequences. One of the newly identified miRNAs from cherry (pavmiR169) was selected for phylogenetic studies. The cladogram was created by neighbor-joining clustering method. The result was saved.
RT-PCR validation
Fourteen of the cherry miRNAs were selected randomly for reverse transcription polymerase chain reaction (RT-PCR) experimental validation. The Primer-3 algorithm was used to design the primers against the stem-loop sequences of the selected miRNAs from their ESTs (Table  1) . Total RNA was extracted from the leaves of cherry using a CTAB-based optimized method (Wahid et al., 2015) . Complementary DNA was synthesized using the RevertAid H Minus First Strand cDNA Synthesis Kit (Fermentas), as per the supplier's protocol. cDNA (100 ng) was used as a template for the PCR. The PCR was automated as follows: initial denaturation at 95 °C for 4 min, followed by 35 cycles of denaturation at 94 °C for 35 s, annealing at 60 °C for 35 s, and extension at 72 °C for 30 s with a final elongation step at 72 °C for 10 min. Later the PCR products were separated on 1.8% (w/v) agarose gel.
Prediction of miRNA targeted genes
The finding of new conserved miRNA targets is an important phase for the confirmation of identified miRNAs. To predict miRNA targets, the mature sequences of miRNAs were subjected to psRNATarget (Dai and Zhao, 2011) . As no Refseq-RNAs are available for cherry from the NCBI and it is not among the listed organisms Gene Ontology functional and enrichment analyses were conducted through GOrilla (Eden et al., 2009) , while Cytoscape 3.3 (Shannon et al., 2003) was used for network interaction of miRNAs and their target genes in cherry. The target validation studies of some selected cherry miRNAs were done through RNAhybrid (Kruger and Rehmsmeier, 2006) .
Results

The new conserved cherry miRNAs
Comparative genomics based on homology is a well-known approach for interesting findings in various organisms (Wahid and Barozai, 2016; Jahan et al., 2017; Shah et al., 2017) . Bioinformatics analysis of cherry ESTs resulted in the identification of 91 new conserved miRNAs. The 91 potential cherry miRNAs belonged to 88 miRNA families, i.e. miR156, 157, 158, 160, 161, 164, 166, 167, 169, 171, 172, 391, 394, 395, 396, 398, 403, 408, 413, 414, 418, 426, 435, 444, 477, 482, 528, 530, 535, 537, 773, 774, 775, 780, 838, 840, 844, 845, 854, 856, 858, 860, 1088, 1089, 1096, 1098, 1139, 1507, 1512, 1523, 1535, 1888, 2079, 2082, 2084, 2085, 2111, 2118, 2275, 2933, 2938, 3440, 3627, 3704, 3709, 3710, 3932, 5019, 5057, 5069, 5185, 5643, 5656, 6029, 6034, 6114, 6135, 6260, 6290, 7122, 8122, 8131, 8135, 8148, 8154, 9554, 9559, and 9563 . To consider the newly predicted cherry miRNAs as valid candidates, the empirical formula of biogenesis and expression of miRNAs suggested by Ambros et al. (2003) was used as a criterion. All the identified cherry premiRNAs satisfied criteria B, C, and D. Criterion D alone is enough for orthologous sequences to be validated as new conserved miRNAs in different species (Ambros et al., 2003) . This was further confirmed by Meyers et al. (2008) in favor of plants.
Characterization of cherry miRNAs
The newly identified conserved cherry miRNAs were characterized for their reference miRNA precursor length (PL), minimum free energy (MFE), mature sequences (MS), mature sequence arms (MSA), mature sequence length (ML), number of mismatches (NM), source ESTs (SE), and strand orientation ( Table 2 ). The new cherry miRNAs showed similarity to the miRNAs of different plant families, signifying the conserved nature of miRNAs across the diverse plant species of different families (Table 3) .
A lower MFE shows the higher thermodynamic stability of the secondary structure of a miRNA. Therefore, the MFE of the newly identified cherry pre-miRNAs is a key feature of miRNA characterization. As predicted by Mfold (Zuker, 2003) , the MFE of the new conserved cherry miRNAs ranged from -6 Kcal mol -1 to -59.9 Kcal mol -1
with an average of -26 Kcal mol -1 . The pre-miRNAs give rise to mature miRNAs (Bartel, 2004) . In contrast to animal pre-miRNA, plant premiRNAs are wide-ranging in structure and size (Zhang et al., 2006) . The conserved cherry pre-miRNAs also showed a wide range of lengths, ranging from 46 to 257 nt with an average of 102 nt.
The new conserved mature cherry miRNA sequence lengths range from 18 to 23 nt. The majority (63%, i.e. 58 out of 91) of the cherry miRNAs have length of 21 nt, followed by 20 nt (19%, i.e. 16 out of 91), 22 nt (13%, i.e. 12 out of 91), 19 and 23 (2% each, i.e. 2 each out of 91), and 18 nt (1%, i.e. 1 out of 91).
New conserved cherry miRNAs were also characterized for the permissible range (Zhang et al., 2006) of mismatches between the reference miRNA and newly identified miRNAs. A majority (49%, i.e. 45 out of 91) of cherry miRNAs were observed to show 4 mismatches with their orthologs, followed by 3 (31%, i.e. 28 out of 91), 2 (12%, i.e. 11 out of 91), 1 (5%, i.e. 5 out of 91), and 0 (2%, i.e. 2 out of 91) mismatches.
Mature cherry miRNA characterization was also done for the location in the pre-miRNA. The cherry miRNAs showed residence on both the 5' and 3' arms of the premiRNAs. A majority (76%, i.e. 69 out of 91) of cherry miRNAs are located on the 5' arms and the remaining (24%, i.e. 22 out of 91) are on the opposite 3' arms of the pre-miRNA secondary structures.
The new conserved cherry miRNAs were further characterized for Watson-Crick or G/U base pairing. All the predicted cherry miRNA stem-loop structures showed at least 10 nt engaged in Watson-Crick or G/U base pairings between the mature miRNA and the opposite arms (miRNAs*) in the stem region. No large internal loops or bulges were observed in hairpin precursors.
The new conserved cherry miRNAs were also characterized in terms of organ of expression. All of the new miRNAs were predicted in different ESTs of cherry leaf at the swollen bud stage of leaf.
Similar ranges of MFE, number of mismatches, mature miRNA length, pre-miRNA length, Watson-Crick or G/U pairing, and 3'/5' residency have been reported in various plants by different researchers in Phaseolus , tomato (Din and Barozai, 2014a) , eggplant (Din and Barozai, 2014b) , coffee (Bibi et al., 2017) , switchgrass (Barozai et al., 2018a) , and Porphyridium cruentum (Barozai et al., 2018b) . The agreement of results with previous reports reinforces the validation of the cherry miRNAs.
The cherry pre-miRNAs were subjected to BLASTx (Altschul et al., 1997) against the protein database of the NCBI and no homology was found with the proteins. The result confirms the newly identified pre-miRNAs as strong candidate miRNAs in cherry. 
Sense/antisense miRNAs in cherry
The sense/antisense miRNAs are transcribed from both sense and antisense strands of the same genomic loci. In the current study, two of the new conserved cherry miRNAs, i.e. pav-miR482 (Figures 1a and 1b) and pavmiR535 (Figures 1c and 1d) , were found to be transcribed in the opposite direction of the same genomic loci.
Cluster miRNAs in cherry
Animal genomes contain clusters of miRNAs (Altuvia et al., 2005) , but plant miRNA clusters are not been frequently (Xu et al., 2010) , Prunus persica , and Malus domestica . 3.5. Overlapping cluster miRNA in cherry pav-miR161 has been identified with two overlapping mature miRNA sequences in cherry. The precursor sequence contains two different mature miRNA sequences from positions 1-21 and 9-29 (Figure 1f ) with an overlapping sequence 13 nt long. The same overlapping pattern is observed in its reference miRNA, i.e. aly-miR161.
Conservation study of mature cherry miRNAs
The newly identified cherry miRNA (miR172) was selected for conservation studies. The cherry miRNA (pav-miR172) showed conservation with the mature miRNA sequences of miR172 of Arabidopsis thaliana (ath), Prunus persica (ppe), and Oryza sativa (osa), as shown in Figure 2a .
Highly conserved pre-miRNA in cherry
Usually mature sequences of miRNAs are conserved in plants, but the pre-miRNAs are not found to be conserved in plants (Bartel, 2004) . Here, however, a highly conserved miRNA precursor has been predicted in cherry, i.e. pavmir535, which showed 100% query coverage and 98% identity with the peach pre-miRNA ppe-mir535a. The result is shown in Figure 2b .
Phylogenetic study of cherry miRNAs
The phylogenetic analysis of one of the newly identified miRNAs, i.e. pav-miR169, was done with the help of Clustal W by using the neighbor-joining clustering method. It suggested that pav-miR169 is closer to Gossypium hirsutum and Gossypium herbaceum as compared to others as shown in Figure 3 . 
RT-PCR validation of cherry miRNAs
RT-PCR analysis was conducted for the experimental validation of some of the new conserved cherry miRNAs. Fourteen randomly selected miRNAs, Pav-miR398, 414, 172, 395, 160, 775, 1507, 530, 858, 435, 482, 403, 413, and 156 , were employed in RT-PCR validation studies. All of the selected miRNAs confirmed their experimental validation, as shown in Figure 4 .
Cherry miRNA targets
The prediction and annotation of miRNA targets is a critical step to comprehend their regulatory functions. The 91 new conserved cherry miRNAs targeted a total of 211 mRNAs (Table 4) . These miRNA targets are various proteins involved in numerous biological processes.
Most (43%, 90 out of 211) of the identified cherry miRNAs target metabolism-related proteins, followed by transcription factors (18%, 39 out of 211), signaling (9%, 20 out of 211), biotic/abiotic stress-related proteins (8%, 16 out of 211), hypothetical proteins (8%, 16 out of 211), growth and development (5%, 11 out of 211), transport (4%, 9 out of 211), structural proteins (4%, 8 out of 211), and transposable elements (1%, 2 out of 211). GO-Biological Process (Supplementary Figure 1) revealed that the putative targets of the newly profiled cherry miRNAs are significantly involved in cellular biosynthesis (GO: 0031326), regulation of biosynthetic process (GO: 0009889), regulation of transcription (GO: 0006355), macromolecule biosynthetic process (GO: 0010556), with Arabidopsis thaliana (ath), Vitis vinifera (vvi), Brassica napus (bna), Gossypium herbaceum (ghb), Populus trichocarpa (ptc), Medicago truncatula (mtr), Brachypodium distachyon (bdi), Gossypium hirsutum (ghr), Glycine max (gma), and Oryza sativa (osa) miRNAs was done with the help of Clustal W and a cladogram tree was generated using the neighbor-joining clustering method. The phylogenetic tree shows that on the basis of pre-miRNA sequences, Prunus avium closer to Gossypium hirsutum (ghr) and Gossypium herbaceum (ghb) as compared to others.
regulation of nitrogen compound metabolic process (GO: 0051171), regulation of gene expression (GO: 0010468), and anatomical structure development (GO: 0048856). GO-Molecular Function showed that the cherry miRNAs' targets are enriched in nucleic acid binding (GO: 0003676), transcription regulator activity (GO: 0140110), and DNA binding transcription factor activity (GO: 0003700). GO-Cellular Component found that the putative targets of the newly identified cherry miRNAs are engaged in the nucleus (GO: 0005634) and nuclear transcription factor complex (GO: 0044798). Some significant cherry miRNAs and their target networks ( Figure 5 ) showed that Squamosa promoter-binding-like protein 6 (SPL6) is targeted by many miRNAs and one miRNA, such as pavmiR838, can target many genes. The validation of some miRNAs and their targets ( Figure 6 ) was also done with the help of RNAhybrid. Similar targets for different plant miRNAs were reported by various researchers (Barozai et al., 2008 (Barozai et al., , 2012a (Barozai et al., , 2012b Barozai, 2014a, 2014b; Din et al., 2014; Xie et al., 2014; Gul et al., 2017) .
Discussion
Most miRNA families are conserved evolutionarily through all major lineages of plants (Zhang et al., 2006) . The conserved nature of miRNAs facilitates the bioinformatic hunt for new conserved miRNAs in other organisms (Barozai et al., 2008) . The conserved mature miRNA sequence and secondary hairpin structure is sufficient to annotate miRNA homologs (Meyers et al., 2008) . A majority of the identified miRNAs in this research have been categorized as highly conserved miRNAs by different researchers (Zhang et al., 2006) . The newly identified conserved miRNAs in cherry have been predicted by the homology with mosses, pteridophytes, gymnosperms, monocots, and eudicots, which reconfirms their conserved nature across diverse plant groups. The data generated in this research could be helpful for researchers interested in studying the conservation of miRNAs from mosses, pteridophytes, gymnosperms, and monocots to dicot plants, especially in the family Rosaceae.
Many of the newly identified miRNA families in cherry have been profiled for their expression in various developmental processes, growth, and stress responses. The significance of some of the identified miRNAs is discussed below.
miR156 plays a role in flowering time regulation (Spanudakis and Jackson, 2014) . It is known to target 11 of the 17 Squamosa promoter binding-like transcription factors that downregulate their expression (Yamaguchi and Abe, 2012) . The identification of miR156 in cherry will be helpful in understanding the genetic temporal mechanisms of development in this plant.
The miR172 expression levels influence fruit size in apple (Ripoll et al., 2015; Yao et al., 2015) . The newly identified miR172 in cherry would serve as a basis for discernment of this important agronomic trait, i.e. fruit size development of cherry plants.
miR396 plays an important role in salt stress in plants ( Kohli et al., 2014; Tian et al., 2014) . The newly identified miR396 in cherry will contribute in perceiving the management of this important abiotic stress.
Many miRNAs have been reported to target different transcription factors Barozai, 2014a, 2014b; Xie et al., 2014) . The newly identified cherry miRNAs in this research also appear to target different transcription factors, e.g., pav-miR171 targets the GRAS family transcription factors. Similarly, pav-miR414 targets the MYB transcription factor. Such findings can help us comprehend the regulatory hierarchies of gene expression in cherry.
Serine/threonine (Ser/Thr) protein phosphatases are universal enzymes in almost all eukaryotes (Pais et al., 2009) . They play important roles in signal transduction (Yu et al., 2005) . The newly identified cherry miRNA pav-miR5069 targets this important enzyme. This finding may be helpful in fine-tuning the signal transduction and metabolic processes in cherry.
The bioinformatics methods of miRNA identification mainly rely on mature miRNA sequence conservation, but the identification of highly conserved miRNA cherry (pav-miR535) is being reported in a plant of the family Rosaceae for the first time and this will open new vistas for the rosaceous research community. Consequently, we have identified 91 new conserved miRNAs belonging to 88 miRNA families from sweet cherry EST sequences. All the families are being reported for the first time. The EST-based identification is the confirmation of the expression of identified miRNAs. Experimental validation of 14 miRNAs confirms the powerfulness of bioinformatic prediction of miRNAs. These findings will be helpful to comprehend the miRNAmediated life processes in cherry. 
